Hydrogen peroxide (H202)-induced DNA damage and cell death have been attributed to the direct cytotoxicity of H202 and other oxidant species generated from H202. We examined the possibility that oxidants activate endonucleases leading to DNA damage and cell death in renal tubular epithelial cells, similar to that described for apoptosis. Within minutes, H202 caused DNA strand breaks in a dose-dependent manner, followed by cell death. DNA fragmentation was demonstrated both by the release of [3H]thymidine in 27,000-g supernatant as well as the occurrence of low molecular weight DNA fragments on agarose gel electrophoresis, characteristic of endonuclease cleavage. Endonuclease inhibitors, aurintricarboxylic acid, Evans blue, and zinc ion prevented H202-induced DNA strand breaks, fragmentation, and cell death. Inhibitors of protein or mRNA synthesis had only minor protection against H202-induced DNA damage in contrast to complete protection reported in apoptotic thymocytes. Micrococcal endonuclease induced similar DNA strand breaks in LLC-PKI cells, and the endonuclease inhibitors prevented the events confirming the ability of endonucleases to induce DNA damage. The protective effect of aurintricarboxylic acid was not due to the prevention of the rise in intracellular free calcium. We conclude that endonuclease activation occurs as an early event leading to DNA damage and cell death in renal tubular epithelial cells exposed to oxidant stress and, in contrast to apoptotic thymocytes, does not require macromolecular synthesis. (J. Clin. Invest. 1992.
Introduction
Sequential reduction of oxygen along the univalent pathway leads to the generation ofsuperoxide anion, hydrogen peroxide (H202), hydroxyl radical, and water ( 1, 2) . These partially reduced oxygen intermediates have been implicated as important mediators ofischemic, toxic, and immune-mediated tissue injury (3) (4) (5) (6) (7) (8) . One ofthe earliest events after exposure ofdifferent cell types to oxidants is DNA strand breaks. H202 is the dominant oxidant leading to DNA strand breaks (9) , presumably because it is both stable and able to freely penetrate the cell, thereby gaining access to DNA. However, H202 does not undergo any chemical reaction with DNA; hence, DNA damage cannot be the result of direct attack of H202 upon the DNA. It is generally accepted that the DNA damage results from the site-specific generation of hydroxyl radical (or a similar highly reactive oxidant) by the reaction of H202 with metal ions bound upon or very close to the DNA (9) (10) (11) (12) (13) . In addition, in in vitro models ofoxidant-induced cell death, hydroxyl radical scavengers and/or iron chelators (presumably because iron is critical in the generation of hydroxyl radicals via the metalcatalyzed Haber-Weiss reaction) have been shown to be protective (14) (15) (16) (17) . Thus, both the DNA damage and cell death have been attributed to the direct toxicity of the oxidants.
Programmed cell death or apoptosis is a process whereby cells die in a controlled manner, in response to specific stimuli, apparently following an intrinsic program (18) (19) (20) (21) . This process provides, for example, a mechanism for deletion ofspecific cell populations in the developing embryo. Much ofour knowledge about the mechanisms underlying apoptosis comes from studies with lymphocytes or immature thymocytes, which readily undergo programmed cell death in response to glucocorticoid hormones (18) (19) (20) (21) . The process is characterized by several early morphological alterations, including plasma membrane blebbing and chromatin condensation ( 19) . Endogenous endonuclease activation, resulting in the cleavage ofhost chromatin into oligonucleosome-length DNA fragments, is a characteristic biochemical marker for programmed cell death (18) (19) (20) . Apoptosis requires that the dying cell be metabolically active, and apparently a rise in cytoplasmic calcium concentration appears to serve as a common early signal for the initiation of apoptosis (20, 21 ) .
In our recent study using LLC-PK, cells (a renal tubular epithelial cell line) we demonstrated that in response to H202 there is an early rise in intracellular free calcium that precedes cell death and that intracellular calcium chelators prevent cell death (22) . Based on this we considered the possibility that endonuclease activation may play an important role for DNA fragmentation and cell death in response to an oxidant stress. Thus, we examined the effect of H202 on DNA damage and cell death in LLC-PK, cells and whether the inhibition ofendonucleases prevents these events. Our data demonstrate that endonuclease activation occurs as an early event leading to DNA damage and cell death in renal tubular epithelial cells exposed to oxidative stress. Intracellularfree calcium concentration measurement. Intracellular free Ca2" concentration was measured by monitoring intracellular fura-2 fluorescence as in our previous study (22) , but using a fluorescence spectrophotometer (F-2000; Hitachi Instrument Corp., Danbury, CT) with 340/380 nm excitation ratio and 500 nm emission (30) . We confirmed that H202 by itself does not alter the Ca2+-sensitive fura-2 signal.
Statistics. Results are means±SE. Statistical significance was determined by an analysis of variance with the Newman-Kleus procedure.
Results
Hydrogen peroxide caused DNA double-strand breaks in LLC-PK, cells in a dose-dependent manner (0.1-5 mM; Fig. 1 A) within minutes after exposure to H202 (Fig. 1 B) . these data, 1 mM H202 was utilized in the studies and the DNA double-strand breaks were determined at 10 min after exposure to H202 (except where otherwise stated). Aurintricarboxylic acid, Evans blue, and zinc ion have been shown to inhibit endogenous endonuclease activity and utilized to delineate a role for endonucleases in DNA fragmentation (20, 21, (23) (24) (25) (26) . To evaluate a role of endonucleases in H202-induced DNA damage, we examined the effect of the endonuclease inhibitors on H202-induced DNA damage in LLC-PK1 cells. The three different endonuclease inhibitors, aurintricarboxylic acid, Evans blue, and zinc ion, prevented H202-induced DNA double-strand breaks in LLC-PK, cells, whereas fuchsin acid, a structural analogue of aurintricarboxylic acid (24), had no effect (Fig. 2 A) . We confirmed that the endonuclease inhibitors did not scavenge H202 (data not shown; 31 ).
Ca2+-dependent micrococcal endonuclease (15 U/ml) produced similar DNA double-strand breaks in permeabilized LLC-PK1 cells by freeze/thaw from 86±1% (no addition) to 50±4%, which was prevented by the endonuclease inhibitors, 10 ,M aurintricarboxylic acid (79±3%, P < 0.01), 2 sg/ml Evans blue (66±1%, P < 0.01 ), and 50 ,M ZnSO4 (88±1%, P < 0.01), but not by 50 uM fuchsin acid (45±6%, n = 3), confirming the ability of endonucleases to induce DNA strand breaks in LLC-PK, cells.
Apoptosis in thymocytes has been suggested to be dependent on ongoing macromolecular synthesis because inhibitors of protein or mRNA synthesis block DNA fragmentation in thymocytes exposed to glucocorticoids ( 19, 20) . However, inhibitors of protein or mRNA synthesis, actinomycin D and cycloheximide, had only minor protection against H202-induced DNA double-strand breaks in LLC-PK1 cells (Fig. 2 B) , similar to that reported in other tissues in response to mild hyperthermia (32) , but in contrast to almost complete protection reported in apoptotic thymocytes (19) (20) (21) .
In apoptosis or programmed cell death endonuclease activation cleaves host DNA into oligonucleosome-length fragments (18) (19) (20) . We examined whether H202 produces endonuclease-induced DNA fragmentation in LLC-PK, cells. While no DNA fragmentation was detected as determined by release of [3H]thymidine in 27,000-g supernatant at 2 h after exposure to 1 mM H202, it was detectable at 3 h and increased thereafter (Fig. 3 A) . In separate studies we demonstrated that H202 caused the DNA fragmentation into multiples of low molecular weight DNA (-200 bp) (Fig. 3 B) . Previous studies have shown that such fragmentation is characteristic of endonuclease cleavage ofDNA observed in apoptotic thymocytes or lymphocytes (18) (19) (20) and is not an artifact ofthe process of lysis ( 18, 19) . The endonuclease inhibitors prevented the DNA fragmentation due to H202 (Fig. 3 B) , suggesting a role for endonucleases in H202-induced DNA fragmentation.
In separate experiments, we examined the effect of inhibition ofendonucleases on H202-induced cell death as measured by trypan blue exclusion. On the basis of our previous study (22) , 60, 90, and 120 min after exposure to 1 mM H202 were chosen as time points to be examined. The endonuclease inhibitors, aurintricarboxylic acid (10 ,uM), Evans blue (2 ig/ml), and ZnSO4 (50 ,M), prevented the cell death due to H202, whereas fuchsin acid (50 MM) had no effect (Fig. 4) . We confirmed that the endonuclease inhibitors used did not interfere with the trypan blue exclusion assay (data not shown). We also examined the effect of a lower dose of H202 (0.5 mM) with a longer incubation period on DNA fragmentation and cell death. After pretreatment with or without an endonuclease inhibitor, aurintricarboxylic acid (10 MM), for 30 min, LLC-PK, cells were washed and exposed to 0.5 mM H202 for 8 h, and then DNA fragmentation (as measured by
[3H]thymidine release) and cell death (trypan blue exclusion) were examined. Hydrogen peroxide (0.5 mM)-induced DNA fragmentation (15+2% n = 2), was almost completely prevented by aurintricarboxylic acid ( 1 ± 1%, n = 2). Aurintricarboxylic acid was also protective against the cell death as measured by trypan blue exclusion (no addition, 9±2%; 0.5 mM H202, 35±1%; 0.5 mM H202 plus aurintricarboxylic acid, 11+2%, n = 2).
We have previously shown that in LLC-PK1 cells H202 caused a sustained rise in intracellular free calcium and that chelating intracellular calcium prevented cell death (22 (33) . Apoptotic cell death has been shown to be dependent on ongoing protein or mRNA synthesis because inhibitors of protein or mRNA synthesis almost completely block DNA fragmentation and cell death in thymocytes exposed to glucocorticoids ( 19, 20) . In contrast to this, an inhibition of protein or mRNA synthesis using actinomycin D or cycloheximide provided only minor protection against H202-induced DNA damage in LLC-PK, cells. Thus, it appears that, as in some other tissues (32), H202-induced endonuclease activation in LLC-PK, cells does not require macromolecular synthesis. These data also suggest that the regulation of endogenous endonucleases is dependent on the nature of the stimuli and/or the cell type.
In summary, our data demonstrate that endonuclease activation occurs as an early event leading to DNA damage and cell death in renal tubular epithelial cells exposed to oxidative stress and, in contrast to apoptotic thymocytes, does not require macromolecular synthesis.
